Neoplastic progression requires accumulation of several mutations (mutation threshold). We hypothesize that obesity raises the risk of microsatellite stable (MSS) colon cancer (CC) at least in part by decreasing the mutation threshold. Thus, we posit that obese patients require fewer mutations, particularly driver mutations, compared to their normal BMI counterparts. Further, we suggest that the reduced number of required mutations in obese patients could be due to several factors, including the high levels of cytokines that accompany obesity. Cytokine-activated ERK, AKT, and JAK/STAT signaling could synergize with CC-initiating mutations to promote intestinal neoplastic development. Therefore, driver mutations that induce these specific pathways may not be "required" for neoplastic development in obesity; alteration in cell signaling consequent to obesity can substitute for some driver mutations in neoplastic progression. This hypothesis is supported by preliminary analyses of data from The Cancer Genome Atlas (TCGA). Thus, we observed that, compared to normal weight patients, cancer genomes of obese MSS CC patients exhibit fewer somatic mutations, and correspondingly lower numbers of mutations in driver genes (P = 0.026).The most striking observation was the lower number of KRAS mutations detected in patients with high body-mass index (BMI). These intriguing observations require further validation with increased number of patients, taking into account all possible confounding factors. If the hypothesis is confirmed, future studies should also address several possible explanations for the observed lower mutation threshold in obese MSS CC patients.
Introduction
Obesity is a worldwide epidemic, and contributes to at least 11% of colon cancer (CC) cases [1, 2] . Studies have shown an association between obesity and increased risk of CC [3] [4] [5] [6] . We posited that, compared to CC patients with normal BMI (18.5-24.9), CC patients with BMI ≥ 25 exhibit a lower number of driver gene mutations. This hypothesis is supported by findings in a Drosophila model, in which tumor development was promoted in a set of cells with a Ras V12 mutation by cells secreting Jnk-induced cytokines [7] . In obesity, JNK signaling-induced cytokines are secreted by adipocytes and macrophages [8] ; therefore, we hypothesized that cytokine-induced survival pathways cooperate with CC-initiating mutations to accelerate neoplastic development. Thus, according to our hypothesis, obesity induces physiological changes, possibly including alterations in cell signaling, which can substitute for some driver mutations that are typically observed as part of colonic neoplastic progression.
Results and Discussion
Although thorough evaluation of our hypothesis requires larger-scale studies with much larger data
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Thus, we utilized whole exome sequencing and clinical data from The Cancer Genome Atlas (TCGA) (https://tcga-data.nci.nih.gov/tcga/, accessed on 08/21/2014). Statistical differences between group means were determined by one-way analysis-of-variance (ANOVA) and Tukey's multiple comparison test to adjust for multiple comparisons with 95% confidence (GraphPad Prism 6 software). P-values lower than 0.05 were considered statistically significant.
From the database of 446 colon adenocarcinoma patients we obtained clinical and sequencing information for 175 patients; thus, body weight and height data were not available for more than half of the patients. The greatest number of somatic mutations was detected in patients with normal BMI: the median numbers of mutations for normal, overweight, and obese patients were 176.0, 123.0, and 129.5, respectively (dataset A, Table I ). The large standard deviations in the mean number of mutations were due to microsatellite instability (MSI) cases. Unlike microsatellite stable (MSS) CCs, MSI tumors have a distinct mechanism of development [9] ; therefore, we performed separate analyses of cases with < 500 somatic mutations (n=136) and cases with ≥ 500 somatic mutations (n=39). The cut-off value of 500 mutations was selected based upon the report by Vogelstein et al. [10] , in which MSI colorectal cancers were categorized as those having more than 500 nonsynonymous mutations. The analyses of the 136 MSS CCs (dataset B, Table I) confirmed that increasing BMI was associated with a decreasing number of mutations, although these differences were not statistically significant. Possible confounding factors were the inclusion of silent and passenger mutations, and the pathology stage of the neoplasms. Therefore, our next step was to analyze the number of mutations in driver genes only. Our criteria for driver genes were based upon published data (ref. 10 , supplementary tables S2A and S2B), and the CC mutations reported by the sequencing project of Broad Institute of Harvard and MIT (http://www.tumorportal.org/). Based upon these analyses, patients with normal BMI exhibited an average of 5.3 ± 2.4 mutations in driver genes, overweight patients exhibited 4.6 ± 1.9, and obese patients had the least number of mutations of 4.1 ±1.8 (dataset D, Table I ). There was a statistically significant difference in the number of mutations in driver genes between the three groups of patients as determined by one-way ANOVA, F(2,133) = 3.47, P = 0.034. Tukey's post-hoc test revealed that the statistically significant difference was in the number of mutations in driver genes between normal weight and obese patients, P = 0.026. In this cohort of 136 patients, the normal BMI patients were staged as follows: T1 (1), T2 (5), T3 (26), T4 (1), T4a (5), and T4b (2); the 53 overweight patients were staged at T1 (2), T2 (4), T3 (42), T4a (3), and T4b (2) , and the obese patients were staged at Tis (1), T2 (9), T3 (32) and T4a (1) . Considering that more advanced cancers exhibit a greater number of somatic mutations and vice versa, we re-analyzed the data for MSS CCs staged at T3, since these cases constituted the majority of all cases. Among the T3-stage CCs, one-way ANOVA established statistically significant differences, F(2,97) = 4.327, P = 0.016. The Tukey's post-hoc test confirmed that there was a statistically significant difference in the number of mutations in driver genes between normal weight and obese patients (5.5 ± 2.4 versus 3.9 ± 1.8, P = 0.012), but not between normal weight and overweight patients (5.5 ± 2.4 versus 4.5 ± 2.0), or between overweight and obese patients. The 39 MSI CCs were analyzed separately, and the number of mutations in driver genes did not decrease with increase in BMI (dataset E, Table I).
The three most frequently mutated genes in MSS CCs were APC, TP53, and KRAS; whereas, in MSI CCs the most frequently mutated genes were AR, RNF43, and BRAF (Table II) . Significantly, among the MSS CCs, the number of KRAS mutations was lower in patients with higher BMI: normal weight patients exhibited a KRAS mutation frequency of 55.0%, whereas overweight and obese patients exhibited 47.2% and 32.6%, respectively. Mutations in BRAF, NRAF, or HRAS did not compensate for the differences in the number of KRAS mutations (Table IIA) . Another difference was that the tumor suppressor gene PTEN was mutated more frequently in normal weight patients with MSS and MSI CCs. As expected, the most prevalent mutations in MSS CC cases were these in APC, a gene encoding a regulator of WNT/beta-catenin activity, and normal weight, overweight, and obese patients exhibited 75.0%, 81.4%, and 80% APC mutation frequency (Table IIA) . Two other genes involved in the regulation of WNT signaling, SOX9 and FAM123B (Table IIA) , also exhibited slightly increased mutation frequency in overweight and/or obese patients, thus raising the possibility that patients with higher BMI develop colonic neoplasms with higher WNT activity levels.
To validate our results on frequency of genetic alterations, we utilized the cBioPortal for Cancer Genomics that provides analysis of large-scale cancer genomics data sets [11] . According to the cBioPortal for Cancer Genomics, in the 2012 Nature report on TCGA data, out of 212 colorectal cancer samples with copy number alterations and sequencing data, 162 (76.4 %) of the cases exhibited altered APC gene, and 90 (42.5 %) exhibited altered KRAS gene [12] . These reported frequencies of APC and KRAS gene alterations are similar to the obtained by us estimates after combining the MSI and MSS CC cases in our datasets (n=175); thus, in our analyses the frequency of genetic alterations in APC was 72.0 %, and in KRAS -42.3 %. The slight differences in the gene frequency alterations likely due to the fact that all reported analyses combine colon and rectal adenocarcinoma cases; whereas, our analyses of TCGA data were focused only on colon adenocarcinomas. Table I . Datasets utilized in the analyses. A. All CC cases with available TCGA data on body height, weight, and mutations based upon whole exome sequencing (as of August 2014). B. CC cases with available BMI data, and with less than 500 somatic mutations (including silent mutations that constitute approximately 30% of all mutations). C. CC cases with available BMI data and with more than 500 somatic mutations. D and E. Numbers of mutations in driver genes in datasets B and C. The asterisk in dataset D denotes a statistically significant difference between the number of driver gene mutations in obese versus normal weight CC patients, P = 0.026. Table II . A. Mutations in driver genes of 136 CC patients with less than 500 somatic mutations per neoplasm (dataset B, Table I ). B. Mutations in driver genes of 39 CC patients with more than 500 somatic mutations per neoplasm (dataset C, Table I ).
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Our preliminary observations suggest that in MSS CC, obesity associates with a lower number of mutations in driver genes; however, these results do not prove causality. There are several possible explanations for the observed association. One possibility is that obesity-associated cytokine-induced survival pathways (e.g., ERK and AKT) lower the mutation threshold for CC, since in obesity the activation of these pathways does not have to occur via driver gene mutations. Therefore, after MSS CC-initiating mutations (such as those in APC), obesity-maintained survival signaling may promote neoplastic progression. Alternatively, obesity is characterized by a different colonic microbiome [13] that may affect the metabolic pathways and the levels of inflammatory molecules in the host. Another possibility is that in obese patients, epigenetic changes, rather than obesity-induced survival signaling, compensate for the lower number of mutations in driver genes. All of these possible explanations need to be explored in future molecular studies.
In our dataset of 136 patients with MSS CC, individuals with higher than normal BMI were diagnosed at a younger age than patients with normal BMI (dataset B, Table I ). Although these age differences were not statistically significant, the finding that excessive body weight associates with a lower mutation threshold may explain the trend of CC becoming a disease of younger individuals. Thus, colorectal cancer incidence has increased among 20-to 34-year olds in the past 35 years and, if the trend continues, there will be up to a 90% increase in CC incidence in this age group by 2030 [14] . This dramatic shift in age of diagnosis is likely due to the increasing obesity among children and adolescents [15] . Indeed, considering that CC progression takes 10 to 20 years, a simple calculation suggests that colon carcinogenesis may be initiated in elementary school-and middle school-age children.
In our analyses, we included the analyses of MSI CC samples as a negative control. Thus, MSI tumors constitute only 15% of all CC cases, exhibit a distinct mechanism of development [9] , and whereas high BMI is associated with MSS colorectal cancer, it is not associated with MSI colorectal cancer [16] . Therefore, our conclusion that obesity is associated with a lower mutation threshold applies for the majority of the CC cases, which are of the MSS type; the findings reported here support our hypothesis specifically for MSS CC.
Limitations on our analyses were imposed by several factors. First, the sample size was relatively small due to the fact that sequencing is still expensive, and whole exome/genome sequencing and clinical data are not widely available. Second, TCGA's data do not provide information on factors that could confound the association between obesity and the number of mutations. For example, we utilized BMI recorded at the time of diagnosis; however, colonic carcinogenesis typically requires 10 to 20 years. It is therefore reasonable to consider the BMI history of the patient; however, such data are not collected by any institution that performs large scale genome sequencing. Third, the mutation data in TCGA are based upon whole exome sequencing and theoretically, mutations in non-coding regions could compensate for the lower number of mutations in obese patients. Therefore, proper validation or refutation of the hypothesis that obesity promotes MSS CC progression accompanied by fewer driver mutations will require, at minimum, larger data sets including more detailed patient information, including, but not limited to, BMI history of the patient.
If validated in future studies, our findings may have implications for both MSS CC prevention and treatment of individuals with excessive body weight. In terms of treatment, it is logical to posit that neoplasms with fewer driver gene mutations are more sensitive to molecularly targeted therapies. However, obesity-supported signaling may promote resistance to therapeutic agents, and therefore, should be taken into account when designing treatment strategies. In terms of prevention, body weight management is essential, and CC surveillance starting at a younger age should be considered for individuals with consistently higher than normal BMI.
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